We previously demonstrated that CBF activity is needed for cell proliferation and early embryonic development. To examine the in vivo function of CBF in differentiated hepatocytes, we conditionally deleted CBF-B in hepatocytes after birth. Deletion of CBF-B resulted in progressive liver injury and severe hepatocellular degeneration 4 weeks after birth. Electron microscopic examination demonstrated pleiotropic changes of hepatocytes including enlarged cell and nuclear size, intracellular lipid deposition, disorganized endoplasmic reticulum, and mitochondrial abnormalities. Gene expression analyses showed that deletion of CBF-B activated expression of specific endoplasmic reticulum (ER) stress-regulated genes. Inactivation of CBF-B also inhibited expression of C/EBP alpha, an important transcription factor controlling various metabolic processes in adult hepatocytes. Altogether, our study reveals for the first time that CBF is a key transcription factor controlling ER function and metabolic processes in mature hepatocytes.
T he endoplasmic reticulum (ER) stress pathway may play an important role in maintaining normal ER function and protecting hepatocytes from injury. A broad spectrum of insults to the liver, such as viral infections, metabolic disorders, and abuse of alcohol or drugs, can lead to ER stress [1] [2] [3] . Induction of a distinct ER stress pathway occurs in the livers of diabetic mice, as well as in mice fed high fat diets and genetic models of obesity 4, 5 . While many studies have linked pathologic conditions of the liver with induction of ER stress, the factor(s) initiating activation of the ER stress pathway are unclear.
The ER stress pathway has evolved for cellular adaptation under various stress conditions such as increase in secretory protein synthesis, expression of misfolded proteins, glucose deprivation, perturbation in calcium homeostasis, and hypoxia. This pathway generally contains two major parts, 1) transcriptional stimulation of multiple chaperone genes to increase the protein-folding capacity of ER, and 2) general translational attenuation until normal ER function is restored. Prolonged ER stress can lead to cell death or various metabolic changes, including steatosis in liver [6] [7] [8] . Previously, analysis of ER stress-regulated promoters identified a composite promoter element, ERSE, that binds several different transcription factor such as CBF/NF-Y (CBF), ATF6, and XBP-1, which mediate transcription activation during ER stress 9, 10 . Among these transcription factors, CBF is constitutively expressed in mammalian cells, whereas both ATF6 and XBP-1 are activated by ER stress. CBF is needed for recruitment of ATF6 or XBP-1 to ERSE DNA, which then results in transcriptional activation of ER stress regulated genes 11, 12 .
Knockout of XBP-1 in mice resulted in liver abnormalities, suggesting that the ER stress pathway could control normal liver development 13 . Interestingly, multiple CBF binding sites are found in the promoters of various ER stress-regulated chaperone genes such as GRP78, ERP72, and protein disulfide isomerase 11 that are needed for quality control of secretory proteins, suggesting that CBF may be essential for ER function in the liver under normal conditions.
Mammalian CBF consists of three subunits, CBF-A (NF-YB), CBF-B (NF-YA), and CBF-C (NF-YC), all of which are needed for DNA binding allele, B flox , containing one loxP site in intron 2 and one loxP site in intron 8 of the CBF-B gene, and a B 2 allele containing a deletion from exon 3 to exon 8 of the CBF-B gene 15 . Heterozygous mice, with one B flox and one B 2 allele of CBF-B, were normal and fertile. However, no viable new-borns, and no embryos with homozygous B 2/2 allele were ever obtained in the crosses between the heterozygous mice. These results indicated that the CBF activity is required for early embryonic development and viability.
We speculate that CBF may affect ER function in hepatocytes in the mature liver. To test this possibility, the mice harboring the conditional CBF-B allele, B flox , were mated with Alb-Cre mice harboring a transgene containing cre recombinase under the control of albumin promoter/enhancer 16 . The Alb-Cre mice express Cre recombinase and induce deletion of the genomic locus flanked by loxP sites specifically in hepatocytes. This resulted in deletion of CBF-B gene postnataly exclusively in liver. Inactivation of CBF-B caused severe liver injury with progressive degeneration of hepatocytes, and induction of an aberrant ER stress pathway. Our study revealed that CBF is needed for expression of a subset of ER stressregulated protein disulfide isomerase genes as well as the C/EBP alpha transcription factor in postnatal hepatocytes.
Results
Conditional inactivation of CBF-B in liver of newborn mice. To examine CBF-B deletion, 4-week old B flox/flox /Alb-Cre, and B flox/flox mice were sacrificed to collect the liver, heart, and kidney for isolation of DNAs, which were used in PCR reactions to identify B flox and B
2
alleles. This showed that B 2 allele was specifically generated in the liver but not in heart or kidney of B flox/flox /Alb-Cre mice, indicating that CBF-B gene was specifically deleted in liver (Fig. 1) . Generation of the B 2 allele was accompanied by reduction of B flox allele in liver. The remaining B flox allele in the liver indicated that recombination of loxP of CBF-B did not occur in every cell of the liver as described in a previous publication 16 . Quantitative PCR was done to measure B Inactivation of CBF-B in liver resulted in progressive liver injury. To test hepatocyte viability, blood samples of mice at 4 weeks of age were examined for alanine aminotransferase (ALT) and aspartate aminotransfearse (AST). ALT and AST were elevated in the blood of knockout mice compared to control mice (table 1). Total bilirubin was also increased in knockout mice. In contrast, both cholesterol and triglycerides were reduced, but creatinine concentration (a marker of kidney function) was not changed in knockout mice compared to control mice. These results indicated that the knockout mice were undergoing hepatocellular injury. flox allele in liver of mice harboring Alb-Cre transgene. The DNA isolated from liver, kidney and heart tissues of various genotyped mice at 4 weeks after birth were amplified with primers I and II generating 250 bp DNA corresponding to B flox allele, and with primers I and III generating 400 bp DNA corresponding to B 2 allele. PCR with specific primers for cre recombinase gene generated 300 bp DNA. The data presented for each component is the mean and standard deviations for independent measurements of blood samples from 7 B flox/2 /Alb-Cre and 5 B flox/flox /Alb-Cre of knockout group, and 11 of control group mice. The standard deviations represented by error bars. The difference of ALT, AST, billirubin, cholesterol, and triglycerides levels between the knockout and control group are significant (P,0.03), whereas the difference of creatinine level is not significant. The creatinine level of B flox/2 /Alb-Cre mice was not determined. B flox/flox /Alb-Cre line, which needs two CBF-B alleles to be deleted for CBF-B inactivation.
The livers of knockout mice at 4 weeks of age were pale and nodular compared to littermate control mice ( Fig.2 a-b) . Histologic analysis at 2, 3, and 4 weeks revealed that the hepatocytes of knockout mice at 4 weeks were diffusely enlarged, as were their nuclei, and contained many microvacules within the cytoplasm (Fig. 2f ) compare to the hepatocytes of controls at the same age (Fig. 2e ). In addition, the livers of knockout mice displayed focal hepatocyte necrosis, mild lobular inflammation, increased numbers of sinusoidal cells, focal hyperplasia of bile ducts, and multiple regenerative nodules (Fig. 2g) .
At 2 weeks age, the enlargement of hepatocytes was already evident in the knockout liver, but other changes in hepatocytes were less significant (Fig. 2d) . By 3 weeks age, in addition to enlargement of hepatocytes, mild degenerative changes in hepatocytes including occasional necrotic and apoptotic cells were also observed in the knockout liver (Fig. 2h) . Together, this analysis indicated that a progressive injury of the hepatocytes was due to the deletion of CBF-B gene after birth.
The sections of frozen liver tissue at 4 weeks of age stained with Oil Red O (ORO) showed that a large amount fat in the livers of knockout mice (Fig. 3) . In contrast, no fat deposition was observed in the livers of control mice. Electron microscopy at 4 weeks age showed that the hepatocytes of knockout mice contained many lipid droplets, which accumulated in both cytosol and nucleus (Fig. 4b) , and also displayed dilated smooth endoplasmic reticulum, and total depletion of glycogen (Fig. 4d) . In addition, mitochondria displayed pleomorphism in the knockout hepatocytes compared to uniformity in control hepatocytes; additionally some mitochondria were elongated or circular or contained occasional paracrystalline arrays, none of which were observed in controls. Inactivation of CBF-B resulted in altered expression of endoplasmic reticulum stress regulated genes. Based on previous promoter studies, we hypothesized that the loss of CBF activity could cause inhibition in expression of genes that are regulated during the cell cycle or during endoplasmic reticulum (ER) stress. To test this possibility, we isolated total RNA from livers of both control and knockout mice at 1, 2, 3, and 4 weeks of age after birth. Initially, we examined expression of XBP-1(s) and GADD153/CHOP (CHOP) for ER stress, cyclin B1 for cell cycle, and CBF-B to check for knockout efficiency. The XBP-1(s) mRNA, which is generated by splicing of XBP-1(u) mRNA as a result of IRE-1 kinase/ endonuclease activation, was measured by RT-PCR (Fig. 5a) .
Expression of CBF-B, CHOP, and cyclin B1 mRNAs was measured by quantitative RT-PCR (QRT-PCR) (Fig. 5b) . Expression of both XBP-1(s) and CHOP was significantly activated in knockout but not in control livers at 1, 2, and 3 weeks, and modestly activated at 4 weeks of age. In contrast, expression of cyclin B1 was very similar between control and knockout mice, with a small reduction in liver of 4 weeks age knockout mice. This indicated that loss of CBF activity in liver specifically resulted in sustained activation of ER stress pathway from 1 week to 3 weeks, and continued at a modest level at 4 weeks after birth when significant pathology was observed. We then examined expression of several other genes that are also reported to be activated during ER stress. This demonstrated that loss of CBF activity also resulted in activation of expression of GRP78 in knockout livers at 2 and 3 weeks ages, but a slight reduction at 4 weeks age (table 3) . In contrast, loss of CBF activity resulted in reduction of expression of three protein disulfide isomerase (PDI) family genes, ERP72, PDI and PDIA3, with a progressive reduction from 2 to 4 weeks. For example, expression of ERP72 was reduced by 9-fold at 4 weeks compare to 1.9-fold and 2.7-fold at 2 and 3 weeks. We also measured expression of C/EBP family and PPAR gamma transcription factors genes, which reflect the metabolic state of the liver 17, 18 . Expression of C/EBP alpha but not C/EBP beta was significantly reduced in the knockout livers at 2, 3, and 4 weeks of age (table 3) . In contrast, expression of C/EBP delta and PPAR gamma was slightly increased in the knockout livers. To further confirm that ER stress induction is one of initial event after loss of CBF-B activity, we did gene expression analysis by northern blot after birth and at 1 week age. The expression of GRP78 and ERP72 dramatically changed just after birth (Fig. 5C ), which suggested that ER stress is induced at early stage. Together, this analysis indicated that expression of PDI family and C/EBP alpha genes are dependent on CBF activity in postnatal liver.
Discussion
Our study demonstrates that deletion of CBF-B gene in liver resulted a progressive injury to hepatocytes, with significant changes in both cell and nuclear size, and other changes including focal necrosis, bile duct proliferation, and development of regenerative nodules at 4 weeks after birth of mice. Electron microscopy showed that inactivation of CBF-B resulted in multiple alterations of hepatocytes, which include intracellular and intranuclear lipid deposition, dilation of endoplasmic reticulum, mild pleomorphism of mitochondria, and marked depletion of glycogen. The endoplasmic reticulum became dilated in CBF-B knockout livers in response to the elevation of ER chaperone GRP78. This observation is consistent with previous finding 19 . Deposition of lipids in hepatocytes lacking CBF-B was also confirmed by Oil red O staining. Altogether, our study demonstrates that CBF-B, and thus CBF activity is essential for normal metabolic homeostasis of hepatocytes in vivo in mice after birth.
The gene expression analysis showed that deletion of CBF-B resulted in generation of XBP-1(s), and also stimulation of CHOP and GRP78 gene expression, all of which are usually activated by the unfolded protein response signaling pathway due to ER stress 6 . The inactivation of CBF, however, did not change expression of a cell cycle regulator, cyclin B1, which was found to be dependent on CBF in cultured cells in vitro 20 . This indicated that CBF is specifically needed for ER function in hepatocytes. Further analysis in expression of other ER stress regulated genes showed that inactivation of CBF inhibited expression of ERP72, PDI, and PDIA3, which are members of protein disulfide isomerase (PDI) family that play role in oxidative protein folding. Thus, expression of ERP72, PDI, and PDIA3 is dependent on CBF activity in hepatocytes in vivo. A recent study demonstrated that inhibition of PDI activity induced ER stress and activated unfolded protein response in neuronal cells 21 ; however no such study has been done in hepatocytes. We speculate that the inhibition in expression of the PDI family genes due to loss of CBF activity caused an initial induction of ER stress and activation of unfolded protein response, which then stimulated expression of XBP-1(s), CHOP, and GRP78 genes.
Stimulation of GRP78 and CHOP after inactivation of CBF contradicted previous promoter studies that showed CBF binding to these promoters is needed for ER stress dependent transcription 9 . In this regard, ER stress results in activation of three transcription factors, ATF6(N), XBP-1(s) and ATF4, which then stimulate expression of genes encoding chaperones and folding enzymes 6 . Previous study demonstrated that CBF is required for DNA binding of ATF6 (N) and XBP-1(s) to ER stress elements present in various ER stress regulated genes 10, 22 . The XBP-1(s), however, also binds to the ER stress regulated promoters independent of CBF, and similarly, ATF4 binds to the ER stress promoters independent of CBF 6, 23 . These observations suggest that transcriptional activation during ER stress is partly dependent on CBF. Our analysis indicated that expression of PDI family genes is highly dependent on CBF under both basal and ER stress inducible conditions, and that expression of GRP78 and CHOP genes is activated through a CBF-independent mechanism.
Since activation of CHOP, GRP78, and XBP-1(s) was observed at 1 week after birth when no significant histological changes could be detected, induction of ER stress appears to be an early event in hepatocytes after inactivation of CBF. The transcriptional activation of ER stress genes is a part of cellular adaptive response to restore ER function. Because the PDI family genes could not be induced due to loss of CBF, there was an excessive and prolonged ER stress in hepatocytes observed by gene expression analysis. We believe that the prolonged ER stress is likely the major cause for pathological changes in hepatocytes after inactivation of CBF. Previous studies demonstrated that prolonged ER stress can result in cell death, which was activated by CHOP, and that it could also activate the SREBP transcription factor through translocation from ER to nucleus, resulting in activation of lipid biosynthesis genes and lipid deposition 24, 25 .
Our gene expression analysis also shows that inactivation of CBF significantly inhibited expression of C/EBP alpha but not C/EBP beta or C/EBP delta. Previous studies of C/EBP alpha gene ablation in mice demonstrated that C/EBP alpha is an important transcription factor that regulates several metabolic processes in hepatocytes during the perinatal period and also in adult liver 26 . The postnatal deletion of C/EBP alpha resulted development of fatty liver and depletion of hepatic glycogen, as observed in our study after CBF-B deletion. This suggested that CBF might indirectly control metabolic processes in postnatal hepatocytes through regulating expression of C/EBP alpha.
Electron microscopy showed mild mitochondrial abnormalities after inactivation of CBF. Although our study does not provide any explanation for this change, it does suggest an interesting possibility that CBF also influences function of mitochondria in hepatocytes. In this regard, the HAP2, HAP3 and HAP5 genes, which are homologues of the CBF subunits in yeast, regulate mitochondrial oxidative phosphorylation in yeast 14 . The HAP complex in yeast controls the expression of several nuclear genes that play a role in mitochondrial oxidative phosphorylation. Thus it will be interesting to learn whether CBF controls any nuclear genes that function in mitochondria in hepatocytes in vivo.
In summary, our study demonstrates that CBF activity is needed for normal liver function after birth, and that it regulates expression of PDI family genes, and C/EBP alpha transcription factor, which play role in the function of endoplasmic reticulum, and metabolic processes.
Methods
Animals. The generation of B flox/flox and B flox/2 mice maintained on a C57BL6 background has been described previously 15 . The Alb-Cre transgenic mice harboring a transgene containing Cre recombinase under control of an albumin enhancer/ , were obtained from the Jackson Laboratory (strain name-B6.Cg-Tg(Albcre)21Mgn/J), and were maintained as hemizygotes. , and B flox/flox were used as controls for each subsequent experiment. The mice were housed at the University of Texas M. D. Anderson Cancer Center animal facility according to the National Institutes of Health guidelines on the use of laboratory and experimental animals. All animal procedures are carried out as per the institutional guidelines for use of laboratory animals and as approved by the Ethics Committee of MDACC. Mice were given ad libitum access to food and water and underwent no treatment. Animals were euthanized at given time points, and the livers and other organs were quickly removed for various tissue preparations.
Serum analysis. Blood from 4-week old mice was collected by tail-vein bleeding in BD Microtainer Serum Separator Tubes. Serum was separated by high-speed centrifugation of the blood at 14,000 rpm for 2 minutes at room temperature. The serum samples were then assayed for aspartate aminotransferase (AST), alanine transaminase (ALT), bilirubin, cholesterol, and creatinine levels using COBAS INTEGRA 400 plus system (Roche), and the values were determined using a Hitachi 7170 automatic analyzer.
Histology. Liver specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 microns and stained with hematoxylin and eosin. Hematoxylin and eosin stained slides were examined with a Leica DM 2500 microscope using 10 Electron Microscopy. 0.2 cm cubic portions of liver were immersed in 3% glutaraldehyde in 0.1 mol/L phosphate buffer, pH 7.4. After overnight fixation they were transferred to 0.1 mol/L phosphate buffer and then postfixed in 1% OsO4 for 2 hours. The tissue was dehydrated in ethanol, rinsed in propylene oxide, and embedded in Epon. Sections (400 mm) were cut on a Reichert ultramicrotome, stained with uranyl acetate, and viewed and photographed in a JOEL 100CX transmission electron microscope.
Oil Red O Staining. Freshly dissected liver sections were embedded in OCT and snap frozen in liquid nitrogen. Cryostat sections cut at 6-7 microns were stained in a 0.3% solution of Oil Red O in 60% isopropanol for 1 h. After washing in 60% isopropanol, sections were counterstained with Gills hematoxylin. Sections were examined under bright-field microscopy with an Olympus model BX50 photomicroscope.
Extraction of RNA, Real-Time RT-PCR, and Northern Blot. Total RNA was extracted from livers at various time points after birth from both control and knockout mice (a minimum of 3 mice per group was used for each group at each time point) using an RNeasy mini kit (QIAGEN). Real-time RT-PCR was performed using the 1-step RT-PCR kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. Quantitative real-time RT-PCR was monitored using the ABI PRISM 7200 (Applied Biosystems), and the results were analyzed with the accompanying software. The SYBR Green PCR Master Mix (Applied Biosystems) was used for detection of mouse CBF-B, CHOP, cyclin B1, GRP78, ERP72, PDI, PDIA3, C/EBP alpha, C/EBP beta, C/EBP delta, and PPAR gamma. The S6, and beta actin were detected as internal controls to normalize the expression of the target genes. Primers for these PCR reactions were designed by using Primer Express 2.0 (Applied Biosystems, Rockville, MD), and the primer sequences are described in supplemental table S1. The XBP-1(u) and XBP-1(s) were detected by RT-PCR method using primers as described previously 10 . Ten micrograms of RNA from each sample was used for Northern blot analysis as previously described 12 .
Statistical Analysis. All data were analyzed by paired student t-test, and were shown as means 6 standard deviation. A P value of less than 0.05 was considered significant.
